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Abstract-A nested virtual array subband beamforming system is proposed for applications where broadband signal targets are located within the near field
of the array. Subband multirate processing and near
field beamforming techniques are used jointly for the
nested array to improve the performances and reduce the
computational complexity. A new noise model, namely the
broadband near field spherically isotropic noise model, is
also proposed for the optimization design of near field
beamformers. It is shown that near field beamforming is
essential for better distance discrimination of near field
targets, reduced beampattern variations for broadband
signals, and stronger reverberation suppression.

I. INTRODUCTION
Multiple sensors and sensor arrays are widely used
for enhanced performances in signal detection, source
localization, noise and interference suppression, and
sensor networking and multisensor fusion [l]. Conventional array beamforming uses the simplified far
field model assuming that all impinging signals at each
sensor are plane waves. However, in many applications
where the signal sources are located close to the sensor
array, the wave front curvature can be significant within
the array’s aperture [2]. In these cases, far field assumption can result in severe performance loss and near
field beamforming techniques have to be used [3]-[6].
This situation arises, for example, in microphone array
applications in small rooms and automobiles where the
size of the array is comparable to the distance between
the array and the signal location. It is also found in
the case of microelectromechanical system (MEMS)based microarrays which electronically generate large
virtual arrays [7]. Propagation delays are added to every
element of the microarray as if the elements are spaced
at the half (or quarter) wavelength of the operating
frequency. In this scenario, signal targets are generally
located well within the aperture of the virtual array,
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especially for low frequencies, although the physical
size of the microarray is very small.
In this paper, we propose a non-uniformly nested
virtual array for microphone applications by adding
synthesized propagation delays to a small-sized planar array or a MEMS-based microarray. The nested
array is grouped into several subarrays, then near field
beamforming and multirate subband processing are
used jointly to improve the performance and reduce
the complexity. A new optimization method is also
proposed for the near field beamformer design using the
broadband, near field, spherically isotropic noise model.
We show that near field beamforming is essential
for most microphone applications where signal targets
are located within the near field of the virtual array,
even though the original array is very small. The nonuniformly nested approach can reduce the processing
cost for broadband signals whose high-frequency-tolow-frequency ratio is much larger than 101. Comparing to conventional far field andor full band beamforming methods, the proposed system achieves better
performances in terms of better distance discrimination
for near field targets, reduced beampattern variations
for broadband signals, and stronger reverberation suppression.
11. THE NESTEDVIRTUALARRAY

A small-sized uniform planar array is illustrated in
Fig. 1. It has 5 x 5 elements located on the z - z
plane. The spacing of the array elements is 2.4 cm.
The total size of the array is 9.6 cm x 9.6 cm.
Following the principle of adding propagation delays
associated with a signal target, as proposed in [7], a
physically small array can create a large virtual array
to obtain sufficient spatial resolution covering the entire
acoustical frequency band. Then array beamforming
based on this method can be viewed as processing of
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the virtual array. Consequently, beamformers are to be
designed based on the virtual array.
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Fig. 1.

The planar may with 5 x 5 elements.

Here we propose a harmonically nested virtual array
for wideband telephony applications covering the G.722
[8] frequency band of [50,7000] Hz. It consists of
several harmonically nested subarrays as illustrated in
Fig. 2. Each subarray is a uniform planar array whose
signals are generated by delaying the signals received
by the original array elements. Each subarray covers
an octave subband from B1 = [3.6,7.2] kHz to B7 =
[0.05,0.1175] kHz. The subband of the i-th subarray is
Bi = B,-1/2 for i = 2,3,. .. ,6. The three high frequency subarrays Sub1 to Sub3 each has 5 x 5 elements
with X/Z spacing; the low frequency subarrays Sub4
and Sub5 each has 9 x 9 elements with X/4 spacing,
where X is the wavelength of the high frequency edge
of the corresponding subband. Sub6 and Sub7 share
the same elements of Sub5. The reason for quarterwavelength spacing at Sub4 and Sub5 is that near
field beamforming generally requires smaller spacing
to avoid spatial aliasing [9] than the half-wavelength
spacing required by far field beamforming. Besides, it is
also found [5] that smaller spacing could result in better
performances for near field beamformers, especially for
larger arrays observing greater wave front curvature.
For the virtual array illustrated in Fig. 2, the total
number of the synthesized elements is 17 x 17. The
size of the virtual array is as large as 1.56 m x 1.56
m, although the physical size of the original array is
very small. Consequently, the wave front curvature is
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Fig. 2. The geomeuy of the virtual array generated by the small
array in Fig. 1. Subarrays are harmonically nested to cover the
acoustic band of [50, 7200) Hz. The subarrays 1 to 3 each has
5 x 5 elements with X/2 spacing; the subarrays 4 and 5 each has
9 x 9 elements with Xf 4 spacing. Sub6 and Sub7 share the elements
of Sub5

significant for signals located within the radial distance
of Df/A, where D, is the size of the subarray. This
is the case for many microphone array applications in
small enclosures. The near field propagation model and
near field beamforming techniques are required in these
scenarios. It will be shown in Fig. 4 that conventional
far field beamforming can not provide adequate spatial
directivity in the near field target region, and near field
beamforming results in much better performances.
The nested virtual array is processed by the subband
multirate beamformers shown in Fig.3. The array input
signals are first sampled at a high frequency F, = 16
kHz, then subbanded by an analysis filter & ( z ) and
decimated to a lower frequency 4, where Fl = F,,
and &+I = F,/2 for 1 = 1,2,. .. ,6. Each subarray is
then processed by a broadband near field beamformer
designed for the corresponding subband. The outputs of
the beamformers are interpolated and combined via the
synthesis filters Gl(z).The use of the multirate subband
processing results in the same normalized frequency
passband for every subarray, that is B = [0.225,0.45],
to be specific. However, to focus on a fixed near field
location, each subband beamformer has to be designed
individually. This is due to the fact that the size of each
subarray and the radial distance of the focal point are
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Fig. 3. Subband multirate beamforming scheme for the nested virtual array. The sampling frequencies are: F, = 16 kHz, Ft =
F,, F,+l = F,/Z for 1 = 1 , 2 , . . . ,L. The number of subbands L % logp(fi/fi).Near field beamformers are designed for each subband
using constrained optimization under near filed spherically isotropic noise field.

different in terms of the corresponding wavelength.
subject to
Cxw = f ,
(2)
The advantage of the nested array multirate subwhere w is the concatenated weight vector, R is the
band beamforming technique is its reduced complexity.
N x N covariance matrix of the input signals, C is
With multirate subband processing, the high-to-low frethe constraint matrix, and f is the unit gain response
quency ratio of each subband reduces to 2:l. Therefore,
vector. If the dimension of C is N x P, then the
the number of taps in each subband beamfonner can be
constraint (2) is a set of P linear equations controlling
reduced substantially comparing to a full band beamthe beamformer response. The constraint equation (2) is
former. Non-uniform nesting of the subarrays also redesigned by the eigenvector method [lo]. Only a small
duces the number of active elements in the virtual array
number of constraints are required to enforce a unit
in comparison to a uniform sampling scheme, because
gain over the desired temporal passband at the spatial
half-wavelength sampling at the highest frequency is
focal point. Beamformer weights are then optimized
grossly over sampled for lower frequencies. Therefore,
under the broadband, near field, spherically isotropic
nested array subband beamforming can reduce system
noise field where a large number of independent random
complexity without performance loss.
noises are uniformly distributed over a:spheroid R with
radius r S .The covariance of the noise field observed at
111. NEARFIELD BEAMFORMING
Now we propose a new optimization method for the sensor array is then
the design of the near field broadband beamformers.
After multirate subband processing, the high-to-low frequency ratio of each subband reduces to 2:l. Therefore, where B = [ f ~fz]
, is the normalized frequency band,
the number of taps in each beamformer can be reduce S(f) is the power spectrum density of the noises,
substantially. Denote the number of elements by A4 a(x,,f ) is the near field steering vector defined by
and the number of taps per element by K . We have
N = M K degrees of freedom for the beamfonner optimization. The Linearly Constrained Minimum Variance
method is used. That is
min
w wHRw,

(1)
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and T,, = (x, - xgl is the distance from the point x,
to the m-th element of the array located at .
,x
The covariance matrix in (1) is defined as

R = aQ

+ 71,

(5)

where a is a design parameter used to trade off white
noise gain for noise suppression, and 7 is a small
constant representing the power of background white
noises. The solution to the constrained optimization
problem is well-known:

w = R-'C(CHR-'C)-'f.

(6)

The novelty of the proposed optimization method
is the use of the broadband, near field, spherically
isotropic noise model. Optimization under the far field
spherically isotropic noise model has been reported
in [ 5 ] . A narrow band near field spherically isotropic
noise model has also been used in [3]. However, the
broadband, near field, spherically isotropic noise model
provides a more accurate approximation to the effect of
reverberation. It is also more convenient than the conventional image model [ I l l which is dependent on the
physical sizes and characteristics of the environment.

(a) Near Field Beamformer

IV. PERFORMANCE
The performance of near field beamforming is compared to that of far field beamforming in Fig. 4. All
beampatterns were evaluated at 400 Hz covered by
the 5-th subarray. Both beamformers were designed
using the optimization method in (6) with a = 0 and
y = 0.01. The near field beamformer was focused at
xf = (0.96m. 90°, 90"). Figure 4(a) shows the beampatterns evaluated at three radial distances from the
array center. It is clear that the near field beamformer
provided good directivity at the focal point (T = r r )
while attenuating 10 dB or more at sidelobes and far
away locations. The far field beamformer, on the other
hand, had a look direction at (goo,90') without distance
discrimination. Its beampattems shown in Fig. 4(h)
illustrates that little spatial directivity was obtained for
near field areas at distances T = Tf and T = 2rf. Good
directivity was exhibited at the far away distance of
T 2 1Orf. But propagation attenuation was also large
at a further distance. Severe performance degradation
by far field beamforming exhibited over the near field
target region, especially at low frequencies. Obviously,
far field beamforming is not suitable for signals located
in the near field of the array.

(b) Far Field Beamformer
Fig. 4. Performance comparison of the near field and far field
beamformers of subband 5 with 9 x 9 elements and 25 taps per
element. Weights are optimized under white noises. The array
responses are evaluated with f = 400 Hz and 7 , = 0.96 cm.

When subband multirate technique is used. jointly
with near field beamforming, it further improves the
performance in terms of reduced heampattern variations. Figure 5 compares the mainlobe bandwidths
of the subband beamformer to that of the full band
beamformer. Both beamformers used the same nested
array and the near field optimization method with
cy = 10 and y = 0.01. The focal point of both
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Fig. 6.
The nested virtual array in a reverberant room. The
reverberation time of the room is Tea
300 ms. The angle
= 45O, and T, = 1.0 m. The Kgure is not to scale.
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(b) Nested Array Full Band Beamformer
Fig. 5. Comparison of the mainlobe beam width obtained by
subband and full band beamformers. Both beamformers use the
same 17 x 17 nested array and near Keld beamfoming techniques
with the focal p i n t at xf = (0.96 m, SO', 90').

beamformers was xf = (0.96 m,90°, 90"). The radius
of the noise field rS was selected within 3rf to 1Orf.
The subband beamformer used 25 taps per element.
The full band beamformer used 51 taps per element.
The beampattems were evaluated at T = rf and several
frequencies across the passband. The mainlobe beam
width of the full band beamformer, as shown in Fig.S(b)
widens proportionally as the frequency decreases. The

beam width variations is too large to provide adequate
directivity at low frequencies. The nested array subband
beamformer reduced the 3-dB mainlohe beam width
variations to within 15". as shown in Fig. 5(a). It is
satisfactory in the applications although it is not strictly
constant beam width across the entire passband. The
nested array subband method provides the compromise
solution between performance and system complexity.
The proposed near field subband beamfoming
method can also eliminate room reverberation to a
satisfactory level. We show the de-reverberation performance by simulated experiment. The simulated room
had a size of 5.0 m x 4.0 m x 3.0 m. The nested
array was located on the z - 2 plane in the room, as
shown in Fig. 6. The angle between the x axis and
the wall is p = 45'. The phase center of the array
was at point o located at (1.0 m, 1.0 m, 1.0 m) on
the x' - y' - z' coordinates. The impulse response of
the room was simulated by the image model [ 111. The
reflection coefficients of the walls were 0.9, and those of
the ceiling and floor were 0.7. The reverberation time
of the simulated room was approximately 7'60 N 300
ms. An audio signal source was located in front of the
array on the y axis with the radial distance being 1.0 m.
The reverberant signals were generated by convolution
of the clean signal with the impulse responses.
The reverberant signals were processed by the nested
array subband beamformers and their output Signal-toInterference-and-Noise Ratio (SINR) of each subband
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tial for most applications due to the large size of the
virtual array, even though the original array is physically small. Comparing to conventional far field and/or
full band beamforming methods, the proposed system
achieves better distance discrimination for near field
targets. It reduces beampattem variations for broadband
signals to the extent that occurs within an octave
frequency band. It also improves sound quality via
reverberation suppression in small enclosures.
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Fig. 7. De-reverberation performances of the nested array subband
beamformers. (A) the far field beamformer; (B) the near field
beamformer optimized under the far field spherically isotropic noise
model; (C) the near field beamformer optimized under the new field
sphencally isotropic noise model.

were computed, as illustrated in Fig. 7. Comparing
curves (B) and (C) to curve (A), it is clear that near
field beamformers has better de-reverberation gain than
that of the far field beamformer. Furthermore, the use of
the near field spherically isotropic noise model for the
near field beamformer design improves the performance
significantly in lower frequency subbands. This is due
to the improved distance discrimination of the near field
beamformer of the lower subband arrays.

v.

CONCLUSION

A nested planar array subband beamforming system
has been proposed for applications where broadband
signal targets are located within the near field of
the array. The nested array consists of non-uniformly
spaced virtual sensors generated by adding synthesized
propagation delays to a small-sized 5 x 5-element
linear array. Subband multirate processing and near
field beamforming techniques are then used jointly to
improve the performances and reduce the computational
complexity. A new noise model, namely the broadband
near field spherically isotropic noise model, was also
proposed for the optimization design of near field beamformers. The proposed nested array system can also
be implemented by a microelectromechanical system
(MEMS)-based microarray with the same principle.
We have shown that near field beamforming is essen-
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